Use of spike on a hemispherical body changes the ow eld and hence the aerodynamic drag. Computational studies have been made to obtain the ow eld around a hemispherical body with spikes at a hypersonic Mach number of 6. The eect of shape of spike tip and length has been studied. Laminar computations have been made adopting structured grid using commercial software Fluent. It is observed that use of a sharp spike itself reduces the drag signicantly. However the use of a hemispherical head spike further reduces the drag. Contribution of dierent components towards drag indicate that the increase in length of a spike do not change the spike contribution. However the ow eld on main body is altered which leads to reduction in drag with change in length. Estimated maximum drag obtained is found to be highest in comparison to any reported drag value in literatures with any spike shape and length.
Introduction
Majority of nose shapes of aerospace structures, such as missiles, rockets, reentry vehicles, etc., are blunt in nature, due to several considerations. High speed hypersonic ows over such blunt shaped body generates a bow shock wave ahead of the body which leads to high wave drag and heating rates. The resulting consequence could be a poor performance and attrition of body surface. Various methods have been adopted in the past to minimize the adverse eects of the drag and high heating rates. Use of a spike at the tip of blunt body happens to be the simplest and ecient technique in comparison to other methods such as counterjet ow, energy deposition, breathing nose, etc. A schematic showing hypersonic ow over a typical hemispherical blunt body without and with a sharp is shown in gure 1. Presence of spike generates a weaker tip shock, leading to formation of a separation zone on the spike stem due to adverse pressure gradient, recirculation zone, formation of shear layer separating the main ow and recirculation zone, reattachment shock on the main body, etc. These ow features depends on freestream Mach number, Reynolds number, spike shape, length and diameter of spike stem, etc. The ow ahead of main body is getting altered due to the presence of spike. Signicant drop in pressure is expected on the leading edge of the main body and adjacent surface which could lead to reduction in the drag and heating values.
Systematic experiments by Crawford [1] on a hemispherically blunt body at M=6.8 with several lengths of sharp spikes is reported and is among the few early research work on such concepts. A drag reduction of the order of 69% is reported. Similar experiments are also reported by Maull [2] emphasizing more on the unsteady ows due to spike. Numerical simulations with emphasis on capturing unsteady ows on cone frustrum with spike is reported by Panaras and Drikakis [3] at M=6.0. Menezes et al. [4] tested the eectiveness of spikes on blunt faced cones at M=5.75, and could achieve a drag reduction of the order of 65% with a at faced aerodisc spike. Mach 6.0 experiments with variations in geometrical parameters of spike and dierent shapes have been tested by Kalimuthu et al. [5] , who have reported that the aerodisc conguration performs better in comparison to aerospikes. However in the same line Kalimuthu and Rathakrishnan [6] reports that with an hemispherical aerospike and at L/D=2.0, there is a drag reduction of about 78%.
The mechanism of drag reduction with spikes of dierent diameters and lengths at M=6.0 using extensive computations is reported by Ahmed and Qin ( [7] - [9] ). Numerical studies made by Gauer and Paull [10] at Mach numbers from 5.0 to 10.0 with various L/Ds of spikes (1.0 to 4.0) indicated maximum drag reduction of 30% with sharp spike, 50% with blunt spike and 62% with aerodome spike. Computation at M=6.0 with conical, hemispherical and a at faced aerodisk spikes with a maximum drag reduction achieved as 60% is reported by Tahani et al. [11] . Gerdroodbary and Hosseinalipour [12] reports computations at M=5.75 on a highly blunted cone and spikes of dierent shapes. Hemispherically blunt spike exhibits a maximum drag reduction of 73%. A drag reduction of 77% is reported by Humieres and Stollery [13] for a reentry capsule shape with sharp spike at M=8.2. Quantication of pressures and its reduction with spiked blunt body at M=6.0 is reported by Sebastian et al. [14] . Drag reduction of the order of 86 to 90% is reported at M=6.0, by Eghlima and Mansour [15] , adopting a combination of spike and counterow jet, using computations. Thermal analysis of spikes at M=5.0 of dierent shape and diameters has been computed by Qin et al. [16] .
Numerical simulations with series of aerospikes at M=10.0 has been performed by Yadav et al. [17] which reports a maximum drag reduction of 44%.
It has been observed that many combinations of spike shape, diameter, length to diameter, etc. has been already studied which enhanced the drag reduction capability till 78%. It has been also seen that only the combination of two drag reducing methods could produce a drag reduction till 90%. In the present investigation attempt is made to maximize the drag reduction by using a suitable spike at M=6.0 using computations. Our recent experimental and computational work 
Geometry
The geometry adopted in present study is a hemispherical blunt body of diameter D and length 1.5D. Two dierent spike tip shapes (sharp and blunt) has been used with xed spike stem diameter of 0.1D. The sharp spike has a tip with semi cone angle of 20 degrees, whereas the blunt spike has a hemispherical tip with a diameter of 0.2D, and has a are angle of 135 degrees as shown in gure 2. The residuals of continuity and energy along with mass ux between the inow and outow were monitored. In addition, the convergence history for drag was also monitored during the entire solution period. Results were analysed only when it was ascertained that the residuals has converged to the order of 10 
Results
Computations have been made to investigate the overall ow eld over hemispherical body with and without spike at Mach 6.0. The density gradient contour obtained for hemispherical body without spike and with dierent spikes through computation is shown in gure 10 and gure 11 respectively. The ow eld around hemispherical body without spike indicates a strong detached bow shock wave in front of the hemispherical body, which generates strong drag and heating load.
With adoption of sharp spike of L/D=0.75 (SS-0.75), a conical shock is observed, which is emanating from the spike tip (gure 11a). In addition, it is also observed that a shear layer is existing from the spike cone cylinder junction till the blunt body, which could be due to separation zone over the spike stem. The shear layer is enveloping the recirculation region near the spike stem. The body shock which was the strong detached bow shock is now getting altered and is nearly attached to the surface of the blunt body. With increase in length of spike (L/D=1.0 and 1.5), the distance between the spike shock and the shear layer increases (gure 11b and 11c). With increase in spike length the body shock curvature is also observed to move closer to the blunt body. Similar qualitative features are obtained with adoption of dierent lengths of hemispherical head spike (gure 11d, 11e and 11f).
The observed dierence is in the location of the start of shear layer, spike shock and the blunt body shock. In all the cases of hemispherical head spike, the blunt body shock curvature is more towards the body compared to sharp spike. Pressure contours presented in gure 12, shows the detailed ow features for all the spikes. The pressures, ahead of the blunt body over the spike and on the blunt body near to body shock, decreases with increase in length of the spike for the case of sharp spike of dierent lengths (gure 12a to c). Similar trends are also observed for the hemispherical head spikes shown in gure 12d to f. In addition, the pressures near to the blunt body shock for hemispherical head spike seems to be weaker than the sharp spike probably due to stronger spike tip shock in case of hemispherical head spike. Velocity vectors with range of Mach numbers from 0 to 1.0 and streamline patterns near to the spike and blunt body junction for SS-1.50 and HS-1.50 is presented in gure 13. The vectors and streamlines are visible only between the spike stem and the shear layer from spike tip to the blunt body surface. It is also clearly visible that the separation zone between the spike stem and the shear layer is larger for the hemispherical head spike compared to sharp spike, which could be responsible for a higher reduction in pressure and hence drag.
The pressure distribution on the spike and blunt body for sharp spike of dierent lengths is presented in gure 14. Blunt body without spike indicates a very high pressure at the tip of the hemispherical body (S/D=0), which is due to the strong bow shock ahead of it and the pressure subsequently reduces as we move towards the shoulder of the body. With adoption of sharp spike and L/D = 0.75, the pressure drops drastically to a lower value on the spike and continues till S/D = 0.25 and then it rises on the blunt body to match up with the isolated blunt body pressure.
With change in length of the sharp spike there seems to have a spatial delay in catching up with the blunt body pressure. Maximum pressure on the blunt body and its location change with length of the spike. Figure 15 presents the pressure distribution on the spike and blunt body for hemispherical head spike having dierent lengths. The maximum peak pressure on the blunt body due to spike drops drastically compared to sharp spike. The eect of length of the spike is also seen to be drag reduction of 69.5%, whereas the hemispherical head spike has a maximum drag reduction of 81.5%. The drag reduction of 81.5% is only due to change of the shape of spike tip. This seems to be more than the value of 78% at hypersonic speed reported in literature so far.
Conclusion
Computations have been made to obtain the ow eld on a hemispherical main body at a hypersonic Mach number of 6, in the presence of a sharp spike and hemispherical head spike of dierent lengths. Overall ow features were captured and change in spike length and shape has been obtained. It is observed that use of hemispherical head spike having length of 1.5 times the base diameter leads to maximum reduction in drag(81.5%). The component wise drag estimation indicates that the major contribution to the overall drag reduction is only from the main body which gets altered due to spike ow eld. Hence spike tip design is important in the overall drag reduction of the body.
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